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57 ABSTRACT 
Superconducting-semiconducting hybrid memories are 
disclosed. These superconducting-semiconducting hy 
brid memories utilize semiconductor circuits to store 
information, and either superconducting or semicon 
ducting or combinations of superconducting and semi 
conducting circuits, with at least some superconducting 
circuitry used, to write and read information. The state 
of memory cells in the hybrid memories is determined 
by utilizing superconductor current sensing schemes to 
detect currents in the bit-line, thereby avoiding any 
bit-line charging delays and other problems associated 
with purely semiconductor memories. Additional fea 
tures of the superconducting-semiconducting hybrid 
memories include wide margins, dense packing of mem 
ory cells, low power dissipation and fast access times. 
Interface curcuitry for converting superconducting 
signals to signals compatible with semiconductor cir 
cuits and for converting semiconductor signals to sig 
nals compatible with superconducting circuits is also 
disclosed. 

32 Claims, 11 Drawing Sheets 
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SUPERCONDUCTOR-SEMCONDUCTOR 
HYBRD MEMORY CIRCUITS WITH 

SUPERCONDUCTING THREE-TERMINAL 
SWITCHING DEVICES 

U.S. GOVERNMENT LICENSE RIGHTS 

The U.S. Government has a paid-up license in this 
invention in the right in limited circumstances to re 
quire the patent owner to license others on reasonable 
terms as provided for by the terms of Contract No. 
NO0014-90-C-0219 awarded by the Office of Naval 
Research. 
This application is a continuation, or of application 

Ser. No. 07/717,305 filed Jun. 17, 1991 now abandoned 
which is a continuation-in-part application of Ser. No. 
07/518,004, filed May 2, 1990 and issued Jun. 18, 1991 as 
U.S. Pat. No. 5,024,993. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention. 
The present invention relates to hybrid circuits which 

comprise both superconducting and semiconducting 
devices, and also relates to hybrid circuits which com 
prise semiconducting devices, superconducting devices 
and hybrid superconducting-semiconducting devices. 
More particularly, this invention relates to the applica 
tion of these combinations of devices in novel circuits to 
perform the function of random access memory. 

2. Description of the Related Art. 
There are three main areas of related prior art. The 

first is the prior art on superconducting-semiconducting 
circuits which is described in the U.S. patent application 
Ser. No. 07/518,004 titled "Superconducting-Semicon 
ducting Circuits, Devices and Systems' by the present 
inventors and which has been allowed by the United 
States Patent and Trademark Office, and in a second 
U.S. patent application Ser. No. 07/638,911 by the pres 
ent inventors, titled "Hybrid Superconductor-Semicon 
ductor Crossbar Circuit'. Issues concerning intercon 
nection circuits are also described in U.S. Pat. No. 
4,980,580, titled “CMOS Interconnection Circuit' by 
Ghoshal and a related publication, U. Ghoshal, "CMOS 
Inter-Chip Interconnection Circuit. Using High-Tech 
Superconducting Tunnel Junctions and Interconnec 
tions,” IEEE Electron Device Letters, vol. 10, pp. 
373-76, August 1989. 
The second area of prior art includes all the extensive 

literature on semiconductor memory circuits. The state 
of-the-art circuit techniques in semiconductor dynamic 
random access memories are summarized in a recent 
publication, K. Itoh, "Trends in Megabit DRAM Cir 
cuit Design," IEEE I. Solid-State Circuits, vol. 25, pp. 
778-89, June 1990, whereas recent literature about 
other types of semiconductor memories can be found in 
the October 1990 issue of the IEEE Journal of Solid 
State Circuits. Some issues regarding low temperature 
operation of CMOS memory circuits at 77 kelvins are 
described in the publications: T. Chappell, S. Schuster, 
B. Chappell, J. Allan, J. Sun, S. Klepner, R. Franch, P. 
Greier and P. Restle, “A 3.5 ns/77 K. and 6.2 ns/300 K. 
64K CMOS RAM with ECL Interfaces, IEEE J. So 
lid-State Circuits, vol. 24, pp. 859-67, August 1989; and 
R. Jaeger and T. Blalock, "Quasi-Static RAM Design 
for High Performance Operation at Liquid Nitrogen 
Temperature,” Cryogenics, vol. 30, pp. 1030-35, De 
cember 1990. 
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2 
The third area of related prior art is the technical 

literature on superconducting Josephson memory cir 
cuits. The early designs by the IBM group have been 
summarized in H. Zappe, "Memory-Cell Design in 
Josephson Technology," IEEE Trans Electron De 
vices, vol. ED-27, pp. 1870-82, 1980 and in S. Faris, 
"Basic Design of a Josephson Technology Cache Mem 
ory,” IBM J. Res. Develop. vol. 24, pp. 143-66, 1980. 
Recent demonstrations and designs are summarized in 
the review article Wada, “Josephson Memory Technol 
ogy,” Proc. IEEE, vol. 77, pp. 1194-1207, 1989. 
The first area of the related art describes the utility of 

combining superconducting devices and semiconduct 
ing devices preferably, but not necessarily, in the same 
integrated circuit chip. Specifically, the above-men 
tioned U.S. patent application Ser. No. 07/518,004 de 
scribe how it is possible to construct an amplifier from 
conventional CMOS transistors and Josephson devices 
that can provide amplification of Josephson-level volt 
ages (typically of the order of 3 mV for low-tempera 
ture superconductors and of the order of tens of milli 
volts for high-temperature superconductors) to the 
voltage levels useful as inputs to conventional CMOS 
circuits (of the order of hundreds of millivolts). The 
amplifiers described in the patent application and publi 
cation occupy a small area and have short delays. 
Another part of the related prior art on hybrid super 

conductor-semiconductor circuits describes the utility 
of the presently available superconducting field effect 
transistors (SFETs) to be useful in practical circuits if 
the semiconductor-to-superconductor interface circuits 
are realized. See A. Kleinsasser and W. Gallagher, 
"Three-terminal devices,” in Superconducting Devices, 
Eds. S. Ruggiero and D. Rudman, San Diego: Aca 
demic Press, 1990, Chapter 9, and T. Nishino, M. 
Hatano, H. Hasegawa, F. Murai, T. Kure, A. Kiraiwa, 
K. Yagi and U. Kawabe, "0.1 um gate-length supercon 
ducting FET,' IEEE Electron Device Letters, vol. 10, 
pp. 61-63, February 1989. As described in U.S. patent 
applications Ser. Nos. 7/518,004 and 7/518,005, SFETs 
are devices which can both conduct a zero-voltage 
Josephson current, and also can be turned off (conduct 
only an insignificantly small current with a non-zero 
drain-to-source voltage drop) by application of a proper 
control voltage. Presently known SFETs cannot by 
themselves develop a sufficiently high voltage to pro 
vide the voltage necessary to control other SFETs, and 
thus lack the voltage gain to be useful as restoring rati 
oed logic gates. In complementary structures, SFETs 
might achieve voltage gain, but cannot achieve substan 
tial performance improvements beyond the conven 
tional CMOS devices. However, if the SFETs are used 
along with the CMOS amplifier circuits disclosed in 
U.S. patent application Ser. Nos. 7/518,004 and 
7/518,005, novel pass-transistor circuits can be realized. 
The availability of the superconducting-to-semicon 
ducting interface amplifiers is, therefore, important for 
making this expansion into a wider family of devices 
possible. 
The second major part of the related art concerns 

semiconductor memory circuits. Memory circuits are 
circuits that can store information usually, but not nec 
essarily, in a digital form. A memory circuit must also 
provide a means for retrieving the information. The 
information is stored at a site called the memory cell. 
There are two primary ways in which semiconductor 
circuits have been used to store binary data. One is the 
state of a bistable circuit commonly called the flip-flop, 



5,388,068 
3 

which typically consists of two inverter gates con 
nected in a loop. The other primary method of storing 
binary information is as the presence or absence of 
charge on some node in the memory cell. See K. Itoh, 
“Trends in Megabit DRAM Circuit Design,' IEEE I. 
Solid-State Circuits, vol. 25, pp. 778-89, June 1990, and 
U.S. Pat. No. 3,387,286, by Dennard. This latter method 
is commonly used in CMOS dynamic RAMs to achieve 
small area cells. Functional 64 Mb CMOS dynamic 
RAMs have been demonstrated recently and it is pro 
jected that 1 Gb CMOS memories will be possible by 
the end of this century. See T. Yamada, Y. Nakata, J. 
Hasegawa, N. Amano, A. Shibayama, M. Sasago, N. 
Matsuo, T. Yabu, S. Matsumoto, S. Okada, M. Inoue, 
"A 64Mb DRAM with meshed power line and distrib 
uted sense amplifier driver," 1991 ISSCC Digest of 
Technical Papers, pp. 108-9, February 1991, and S. 
Mori, H. Miyamoto, Y. Morooka, S. Kikuda, M. Suwa, 
M. Kinoshita, A. Hachisuka, H. Arima, M. Yamada, T. 
Yoshihara, S. Kayano, "A 45 ns 64Mb DRAM with a 
merged match-line test architecture,' 1991 ISSCC Di 
gest of Technical Papers, pp. 110-11, February 1991. 
CMOS memory cells do not dissipate any power 

under quiescent conditions, whereas NMOS and bipolar 
memories dissipate small amounts of power. However, 
the major disadvantages of the semiconductor memo 
ries are the large delay and high power dissipation 
while accessing and retrieving information. The voltage 
levels required for storing and retrieving the informa 
tion are of the order of volts for purely semiconducting 
memory circuits. The transistors in the memory cells 
have to be of minimum size so as to increase the men 
ory capacity. However, small transistors have poor 
interconnection drive capability, and hence the transfer 
of information from the memory cells to the peripheral 
detection circuits becomes slow and inefficient. Even 
with elaborate schemes, the slow transfer of informa 
tion from the memory cells to the peripheral circuits 
cannot be avoided in the case of dense memories. See K. 
Itoh, “Trends in Megabit DRAM Circuit Design,” 
IEEE I. Solid-State Circuits, vol. 25, pp. 778-89, Jun. 
1990. 
The third major area of related prior art concerns low 

temperature (having a critical temperature less than 20 
kelvins) superconducting memory circuits. In this area 
of the prior art, binary information is stored as either the 
presence or absence of a persistent circulating current in 
a superconducting loop which includes one or more 
Josephson devices. Alternatively, in some cases, infor 
mation can be stored as the presence of either a clock 
wise or counter-clockwise circulating persistent super 
conducting current in a superconducting loop which 
includes one or more Josephson devices. The informa 
tion stored in the cell can be accessed very rapidly and 
this is their primary advantage. However, operating 
margins for the superconducting memories are small 
and it is difficult to scale down the memory cell size 
without compromising the margins further. See H. 
Zappe, "Memory-Cell Design in Josephson Technol 
ogy,” IEEE Trans Electron Devices, vol. ED-27, pp. 
1870-82, 1980 and Wada, “Josephson Memory Tech 
nology,” Proc. IEEE, vol. 77, pp. 1194-1207, 1989. The 
largest fully functional superconducting RAM demon 
strated thus far is 1 Kb; this is roughly four orders of 
magnitude less dense than the CMOS RAMs. See I. 
Kurosawa, H. Nakagawa, S. Kosaka, M. Aoyagi, S. 
Takada, “A 1-Kb Josephson Ram Using variable 
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4. 
threshold cells,' IEEE J. Solid-State Circuits, vol. 24, 
pp. 1034–39, August 1989. 
The most common method of storing information in a 

superconducting loop is to store zero, one or two flux 
quanta. To store n flux quanta in a loop, the product of 
the loop inductance L and the critical current Ic of the 
Josephson device must be equal to or greater than n do, 
where do is the flux quantum and equals 2.07X 10-15 
Wb. It is difficult in practice to make I large and still 
retain the current-voltage characteristics of ideal tunnel 
junctions. This imposes a minimum value on L, which 
prohibits the memory cell from being chosen to be 
arbitrarily small, since the loop inductance is propor 
tional to the perimeter of the loop. See H. Zappe, 
"Memory-Cell Design in Josephson Technology,” 
IEEE Trans Electron Devices, vol. ED-27, pp. 
1870-82, 1990; S. Faris, “Basic Design of a Josephson 
Technology Cache Memory,' IBM J. Res. Develop., 
vol. 24, pp. 143-66, 1980; and C. Mead and L. Conway, 
Introduction to VLSI System, Reading, Mass.: Addi 
son-Wesley Publishing Company, 1980, Chapter 9. 
These limitations are well understood by practitioners 
of the art. Storage of data in terms of such limited num 
ber of quanta also results in high bit error rates during 
detection. For high temperature superconductors (hav 
ing critical temperatures greater than 20 kelvins) that 
are operated at high temperatures, for example, 77 kel 
vins, these considerations pose additional problems. 
The immature processes and the increase in thermal 
noise (which is proportional to absolute temperature) 
necessitate high values of the critical currents for the 
Josephson devices. Hence, the quiescent power dissipa 
tion in the peripheral circuits to address and access the 
cells is very large. 
Memories cells are usually organized in a rectangular 

(X-Y) array and the state of a particular memory cell is 
determined by activating a particular word line (con 
ventionally along the X direction) using row decoders 
and selecting the signal response on the bit lines (con 
ventionally along the Y direction) using column decod 
ers. In conventional CMOS memories, the transistors in 
the memory cells are of minimum size so as to maximize 
the cell density. See K. Itoh, "Trends in Megabit 
DRAM Circuit Design,' IEEE I. Solid-State Circuits, 
vol. 25, pp. 778-89, Jun. 1990 and L. Glasser and D. 
Dobberpuhl, The Design and Analysis of VLSI Cir 
cuits, Reading, Mass.: Addison-Wesley Publishing 
Company, 1985, Chapter 7. When activated by the 
word line voltage signal, the state of the cell is trans 
ferred to the high capacitance bit lines through a small 
(high resistance) isolation/pass transistor. This transfer 
of information from the cell to the bit lines is slow be 
cause of the large RC time constants. In the case of 
dynamic RAMs, the charge on the small cell storage 
capacitor is shared with the large bit line capacitance 
and, hence, the bit line signal voltages are very small. 
To avoid bit errors due to various noise sources, two 

bit lines are commonly used per memory cell and the 
small differential signals between the bit lines are de 
tected by sense amplifiers, typically differential amplifi 
ers. The signal detection by the sense amplifiers intro 
duce additional delays and consume much power. In 
addition, the sense amplifiers have intrinsic voltage 
offsets and noise problems which limit their sensitivity. 
Because of these limitations, prior art CMOS designs 
sometimes include sophisticated schemes, which intro 
duce additional delays, such as bit-line twisting and 
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partitioning and duplication of sense amplifiers in large 
dynamic RAMs. 
The 64 Mb DRAM built by researchers at Hitachi 

includes 64,000 sense amplifiers with power dissipation 
in the sense amplifiers reduced by self-timing the cir 
cuits. The read access time of such a memory was esti 
mated to be 60 ns. A 1 Gb DRAM circuit based on such 
a design will need at least one million such sense ampli 
fiers. See K. Itoh, “Trends in Megabit DRAM Circuit 
Design,” IEEE I. Solid-State Circuits, vol. 25, pp. 
778-89, June 1990. Thus, methods which eliminate the 
need for sensitive sense amplifiers, such as the ones 
disclosed herein with regard to the present invention, 
are extremely valuable. 
Although there is no charge sharing between the cell 

and bit lines in static RAMs (SRAMs), the situation is 
similar to the DRAMs because these SRAM memories 
are mainly geared for higher speed operation. The RC 
charging times of the bit lines is unavoidable and it 

O 

15 

imposes a lower bound on the speed-power product of 20 
the memory circuit. To alleviate this problem, sensitive 
amplifiers using bipolar junction transistors (BiCMOS) 
have been used in recent designs in order to detect 
smaller bit line swings. The read access times of 1 Mb 
SRAMs has been scaled down from 8 ns to 5 ns using an 
advanced BiCMOS technology. The main drawback is 
the increased process complexity and power dissipation. 
Moreover, the sensitivity gains are limited because the 
RC charging times of the bit lines cannot be avoided. 
The advantages of BiCMOS technology over a pure 
CMOS technology is itself questionable when the chan 
nel lengths are scaled below ON5 m. The problems 
with both the DRAM and SRAM designs arise mainly 
due to the voltage-sensing schemes employed to detect 
small voltage signals on the bit lines. 

Therefore, it is an object of this invention to provide 
novel circuits used in the function of random access 
memory, wherein the state of memory cells is detected 
without incurring and being dependent on the semicon 
ductor memory drawbacks such as RC delay in the bit 
lines, and the need for sense amplifiers, and wherein the 
state of memory cells is detected without incurring the 
superconductor memory drawbacks such as the limita 
tions of the size of the inductance loop, and high bit 
error rates. A further object of the present invention is 
to provide novel circuits used in the function of random 
access memory which not only eliminate the semicon 
ductor memory and superconductor memory draw 
backs, but also provide fast access times, wide operating 
margins and low power dissipation, and permit dense 
packing of the memory cells. 

SUMMARY OF THE INVENTION 

The present invention utilizes semiconductor circuits 
to store information, and either semiconductor or super 
conductor circuits, or combinations of superconducting 
and semiconducting circuits, with at least some super 
conducting circuitry used, to write and read informa 
tion. The memory circuits of the present invention store 
information within the memory cell as charge and not 
as circulating currents as is the case for most supercon 
ducting memories. 
The present invention eliminates the bit-line charging 

problems of the prior art by employing current-sensing 
schemes to detect currents in the bit-line. The present 
invention uses the low input impedence current devices 
and circuits from the superconductor technologies to 
detect the state of the memory cells without incurring 
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the RC delay in the bit-lines. The superconducting de 
vices and circuits can detect currents through the bit 
line even if they do not development any DC voltage 
across them. In addition to eliminating the bit-line 
charging problems, these superconducting-semicon 
ducting hybrid memory circuits achieve the benefits of 
both the semiconducting and superconducting technol 
ogies simultaneously. These benefits include the wide 
margins and dense packing of memory cells that are 
characteristic of semiconductor memories, and a low 
power dissipation and fast access times that are charac 
teristic of the superconducting memories. 
Two families of memory circuits are disclosed: (1) the 

voltage word-line (VWL) design, and (2) the current 
word-line (CWL) design. The VWL approach is ideal 
for high density RAMs with minimal use of supercon 
ducting components. In the VWL design, the state of 
the memory cell is retrieved by applying a voltage sig 
nal on the word-line. SFETs may be used in VWL 
designs to enhance the performance. The CWL design 
involves a greater mix of superconductor and semicon 
ductor circuits. The state of the memory cell is re 
trieved by applying a current signal on the word-line 
and the bit-line, as is similar to prior art superconductor 
RAMs. Optimal CWL designs require the use of SFETs 
and other superconductor devices. 

In order to use the advantageous superconductor 
semiconductor hybrid memory circuits of the present 
invention with peripheral conventional semiconductor 
circuitry, interface circuitry is needed for converting 
superconducting signals to signals compatible with 
semiconductor circuits. Similarly, interface circuits are 
needed for converting semiconductor signals to signals 
compatible with superconducting circuits. The organi 
zation of the memory circuits depends significantly on 
the types of interface circuitry required. 
The hybrid memories of the present invention can be 

fabricated by utilizing different combinations of prior 
art semiconductor and superconductor fabrication tech 
nologies. 
BRIEF DESCRIPTION OF THE DRAWINGS 

A better understanding of the present invention can 
be obtained when the following detailed description is 
read in conjunction with the following drawings in 
which: 
FIG. 1 is a schematic drawing of a memory cell ac 

cording to one of the current word-line embodiments of 
the present invention; 
FIGS. 2a-2d are schematic drawings of memory cells 

according to different current word-line embodiments 
of the present invention; 
FIGS. 3a-3c are schematic drawings of memory cells 

according to different voltage word-line embodiments 
of the present invention; 

FIG. 4 is a simplified schematic drawing of the read 
out circuitry for the FIG. 3a embodiment in accordance 
with the present invention; 
FIG. 5 is a schematic drawing of a SQUID bit-line 

current detector which can be used in accordance with 
the present invention; 
FIG. 6a is a schematic drawing of a rapid single flux 

quantum circuit which can be used in accordance with 
the present invention; 
FIG. 6b is a schematic drawing of Josephson trans 

mission lines which can be used in accordance with the 
present invention; 
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FIG. 7a is a schematic drawing of a superconductor 
link circuit which can be used in accordance with the 
present invention; 
FIG. 7b is a current versus voltage chacteristics dia 

gram for a typical superconductor link; 
FIG. 8 is a simplified schematic drawing of the read 

out circuitry for the FIG. 3b embodiment in accordance 
with the present invention; 

FIG. 9a is a schematic drawing of one embodiment of 
read-write circuitry for the FIG. 3c embodiment in 
accordance with the present invention; 
FIG.9b is a schematic drawing of a second embodi 

ment of read-write circuitry for the FIG. 3c embodi 
ment in accordance with the present invention; 
FIG.9c is a third embodiment of read-write circuitry 

for the FIG. 3c embodiment in accordance with the 
present invention; 

FIG. 10 is a current versus voltage characteristics 
diagram for a typical high temperature superconductor 
link; 
FIG. 11 is a schematic drawing of a SFET selector 

circuit in accordance with the present invention; 
FIG. 12 is a schematic drawing illustrating a combi 

nation of a PMOS transistor and a JJ superconducting 
current switch as a substitution for each SFET in the 
FIG. 11 circuit; 
FIG. 13 is a simplified schematic drawing of an em 

bodiment of a merged semiconductor to superconduc 
tor interface circuit in accordance with the present 
invention; 
FIGS. 14a and 14b are simplified block diagrams of 

different memory organizations for the current word 
line embodiments in accordance with the present inven 
tion; 
FIGS. 15a and 15b, and FIGS. 16a and 16b are simpli 

fied block diagrams of different memory organizations 
for the voltage word-line embodiments in accordance 
with the present invention; and 
FIG. 17 is a simplified block diagram of the hierarchi 

cal organization of a 4Mb hybrid random access mem 
ory in accordance with the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The prior art uses either purely semiconductor cir 
cuits or purely superconducting circuits to both store 
information, and to read and write information. In con 
trast, the present invention involves methods of using 
semiconductor circuits to store information, and either 
semiconductor circuits or superconductor circuits, or 
combinations of superconducting and semiconducting 
circuits, with at least some superconducting circuitry 
used, to write and retrieve information. These circuits 
permit the achievement of the virtues of both technolo 
gies simultaneously: wide margins and dense packing of 
memory cells that are characteristic of semiconductor 
memories, and low power dissipation and fast access 
times that are characteristic of superconducting memo 
ries. All of the memory circuits disclosed herein store 
the information within the memory cell as charge as in 
the case of CMOS memories and not as a circulating 
currents as in the case for most common Josephson 
memories. 
This invention includes application to both low tem 

perature superconductors (those whose critical temper 
ature is less than 20 kelvins) and to high temperature 
superconductors (those whose critical temperature is 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
above 20 kelvins). Preferred embodiments for both low 
and high temperature Superconductors are specified. 
The memories described herein can be used either in 

conjunction with cryogenic semiconductor logic, Jo 
sephson logic, or hybrid superconducting-semiconduct 
ing logic. To arrive at the optimum design of a RAM, 
several system and technology issues have to be consid 
ered. For example, Josephson device compatible inputs 
/outputs (I/Os) are useful for realizing low-power, 
high-speed system interconnection circuits using low 
characteristic impedance transmission (or high capaci 
tance) lines. See U.S. Pat. No. 4,980,580, by Ghoshal; 
and U. Ghoshal, “CMOS Inter-Chip Interconnection 
Circuit. Using High-Tech Superconducting Tunnel 
Junctions and Interconnections,' IEEE Electron De 
vice Letters, vol. 10, pp. 373-76, August 1989; and U. 
Ghoshal, H. Kroger and T. Van Duzer, "Superconduc 
tive Interconnection Circuits for Cryogenic Semicon 
ductor Systems,” Proceedings of the Symposium on 
Low Temperature Device Operation, vol. 91-1, Elec 
trochemical Society, 1991, pp. 427-28. On the other 
hand, CMOS I/Os can be used in array systems where 
neighboring chips are connected with short high char 
acteristic impedance links and effective capacitance 
loads are small. Although high temperature supercon 
ductors may also be used to realize low-power, high 
speed interconnection circuits, this technology is pres 
ently not well developed. In the interim period, CMOS 
I/Os may be used for system interconnections in cases 
where operation at higher temperatures, say 77 kelvins, 
is necessary and only limited use of high temperature 
superconductor circuits may be advisable. 

In the designs presented herein, the bit line charging 
problems of the prior art are totally eliminated by em 
ploying current-sensing schemes to detect currents in 
the bit line. Current-sensing methods have been at 
tempted in SRAMs recently, but these methods do not 
give any major advantages over the voltage-sensing 
schemes in terms of delay and power. See E. Seevenick, 
P. J. van Beers and H. Ontrop, "Current-Mode Tech 
niques for High-Speed VLSI Circuits with Applications 
to Current Sense Amplifier for CMOS SRAMs, IEEE 
Journal of Solid-State Circuits, vol. 26, pp. 525-36, 
April 1991. The inability of semiconductor devices, for 
example, CMOS, BJTs, HBTs, MESFETs, HEMTs, to 
reliably detect currents through low impedence ele 
ments at high speeds and low power is a consequence of 
the fundamental nature of these devices in that they are 
intrinsically voltage switches. See U. Ghoshal, H. Kro 
ger and T. Van Duzer, “Superconductive Interconnec 
tion Circuits for Cryogenic Semiconductor Systems,” 
Proceedings of the Symposium on Low Temperature 
Device Operation, vol. 91-1, Electrochemical Society, 
1991, pp. 427-28; and C. Mead and L. Conway, Intro 
duction to VLSI Systems, Reading, Mass.: Addison 
Wesley Publishing Company, 1980, Chapter 9. The 
novel methods disclosed herein use the low input impe 
dance current devices and circuits from the supercon 
ductor technologies to detect the state of the memory 
cells without incurring any RC delay in the bit lines. 
These superconducting devices and circuits can detect 
current through the bit line even if they do not develop 
any DC voltage across them. The bit lines develop 
signals of few millivolts during the transients. 
Two families of memory circuits are disclosed. One is 

related to semiconductor memory designs and is termed 
voltage word line design or the VWL approach. The 
novel VWL design can be fabricated using conven 
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tional superconductor and semiconductor technologies. 
SFETs may be used in VWL designs to enhance perfor 
mance, but the use of SFETs is not absolutely neces 
sary. The VWL approach is geared for high density 
RAMs with minimal use of superconducting compo 
nents. In the VWL design, the state of the memory cell 
is retrieved by applying a voltage signal on the word 
line, similar to conventional semiconductor RAMs. In a 
radical departure from conventional semiconductor 
designs, the currents in the bit line are sensed by super 
conducting devices and circuits. 
The second type of memory circuit disclosed in 

volves a more intimate mixing of the superconductor 
and semiconductor technologies and is termed current 
word line design, or the CWL design. CWL design 
requires SFET devices and greater use of superconduc 
tive electronics. In the CWL design, the state of the 
memory cell is retrieved by applying a current signal on 
the word line and the bit line, similar to prior art super 
conductor RAMs. 

It must be noted that imperfect versions of both the 
CWL and VWL memories may be implemented by 
substituting FETs with very low drain-to-source resis 
tance (-50 0) in the place of SFETs. However, such 
versions are not extendable to large memory arrays 
because of high power consumption and large access 
times. 

1. Current Word Line (CWL) Design 
(a) Basic Memory Cells of the CWL Design 
FIG. 1 shows a novel CWL memory cell based on a 

CMOS cross coupled inverter pair offlip-flop 8 and two 
n-channel SFETs 10, 12. The circuitry needed to write 
information into the memory cell is omitted because the 
write procedure is similar to the conventional CMOS 
RAMs. Preferred embodiments of this approach are 
discussed below. 

If a binary one is stored in the FIG. 1 embodiment, 
the node A is at a voltage which will enable upper 
SFET 10, enabling it to pass a zero-voltage current, and 
the node 3 is at a voltage which will disable the lower 
SFET 12, allowing only a negligibly small leakage cur 
rent to flow through it. If a binary zero is stored in the 
memory cell, then the voltages at nodes A and B are 
reversed. 

In the CWL approach, a memory cell is selected by 
applying a current concurrently through the selected 
word line 14 and the selected bit line 16. If a binary one 
is stored in the memory cell, then the entire word line 
current will flow through the source-to-drain junction 
of upper SFET 10 and be detected by current sensing 
superconducting Josephson junction device 18. The 
value of this word current must be less than the critical 
current of the SFETs so that the SFETs are not 
switched out of the zero-voltage state. 
The current in the upper half of the loop is induc 

tively coupled to the Josephson junction device (sense 
JJ) 18. Such inductive coupling is commonly used in 
Josephson junction circuits. The combination of the 
inductively coupled word line current and the bit line 
current through the sense JJ 18 are chosen so that the JJ 
will switch into the voltage state if and only if a binary 
one is stored in the memory cell. Furthermore, the 
values of the word current and the bit line current are 
chosen so that neither can separately cause the sense JJ 
18 to switch out of the zero-voltage state. The current 
parameters necessary to ensure these results are depen 
dent upon the characteristics of the particular JJ device. 
The specification of such parameters are matters within 
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10 
the ordinary skill in the art. If a zero is stored in the 
memory cell, all the word line current will flow 
through the lower half of the loop including SFET 12, 
and the current in the bit line flowing through the sense 
JJ 18 will not be sufficient to cause the JJ to switch out 
of the zero-voltage state. 

If sense JJ 18 is switched to the voltage state, all the 
bit line current from the bit line driver at one side of the 
array is diverted to peripheral read-out circuitry, where 
the signal is detected by superconductive circuitry. 
These signal detection circuits can be any suitable con 
ventional circuits used in prior art designs for supercon 
ducting RAMs, such as those disclosed in Wada, "Jo 
sephson Memory Technology,” Proc. IEEE, vol. 77, 
pp. 1194-1207, 1989; and I. Kurosawa, H. Nakagawa, S. 
Kosaka, M. Aoyagi, S. Takada, "A 1-Kb Josephson 
RAM using variable threshold cells,” IEEE J. Solid 
State Circuits, vol. 24, pp. 1034–39, August 1989, the 
contents of which are herein incorporated by reference. 
A particular virtue of this memory cell is that it can 

be read non-destructively. Applying the word line and 
bit line current has no effect upon the charge or infor 
mation stored on the gates of the SFETs. A key feature 
which distinguishes the CWL memory cell from con 
ventional Josephson RAMs is the absence of supercon 
ducting loops, which avoids problems of stray flux-trap 
ping. Also, unlike other superconducting memories, the 
CWL memory can be easily scaled down in size because 
it does not store flux quanta and is not bound by any 
flux-quantization constraints. 

(b) Preferred Circuit Embodiments of the CWL De 
sign/Exploiting Enhanced Charge Storage Capability 
at Low Temperatures 
At temperatures below 100 kelvins, the leakage cur 

rents through MOSFETs in the off-state disappear. 
Theory predicts that this leakage current (Ileak) is pro 
portional to the semiconductor intrinsic carrier density 
(n), which decreases exponentially with temperature: 

Ileak aniaT exp (-Ego/2kT). 

In this equation, T is the absolute temperature, k the 
Boltzmann constant and Egois the semiconductor band 
gap energy. 
For silicon devices, the ratio of the junction leakage 

current at 77 kelvins to that at 358 kelvins (85 C.) is 
approximately: 

Ileak (77 kelvins)/Ileak (358 kelvins)=3X 10 31. 

Since leak (358 kelvins) is approximately equal to 
10-100 nA, the value of Ileak (77 kelvins) is approxi 
mately equal to 3-30x10-31A, and Ileak (77 kelvins) is 
essentially zero for practical purposes. Hence, if MOS 
FET-isolated capacitors are charged to any particular 
voltage, the capacitors can retain their charge through 
out the lifetime of the memory circuit. See R. Jaeger 
and T. Blalock, "Quasi-Static RAM Design for High 
Performance Operation at Liquid Nitrogen Tempera 
ture," Cryogenics, vol. 30, pp. 1030-35, December 
1990; and S. Hanamura, M. Aoki, T. Masuhara, O. 
Minato, Y. Saki and T. Hayashida, "Low-temperature 
CMOS 8x8 bit multipliers with sub-10 ns speeds,” 
IEEE Trans Electron Devices, vol. ED-34, pp. 94-100, 
January 1987. 
By exploiting this phenomena, the cross-coupled 

CMOS inverter pair 8 (FIG. 1) can be replaced by a 
simple CMOS inverter 20 and the charge can be stored 
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on the gate capacitance of one of the SFETs 10 or 12 
(FIG. 2a). The main advantage of such an implementa 
tion will be the smaller memory cell area. 
The inverter 20 itself can be eliminated if we replace 

one of the n-channel SFETs 10, 12 (FIG. 1) with a 
p-channel SFET 22 such as shown in FIG. 2b. The 
p-channel SFET 22 conducts the zero-voltage channel 
current when the gate-to-source voltage of the p-chan 
nel SFET is low. With this modification, the number of 
transistors per CWL memory cell is reduced to three. 
This memory cell is labelled as the 3-T/CWL cell. 
FIG. 2b also illustrates the conventional MOS cir 

cuitry needed to write information into the cell. When 
a sufficient voltage is applied to write word line 26, 
NMOS transistor 28 is enabled and charge from write 
bit line 24 is stored in the gate capacitance of the upper 
N-channel SFET 10. A binary one is written or stored 
when the gate capacitance is charged to a voltage 
greater than the threshold voltage of SFET 10. A bi 
nary zero is stored if the write bit line 24 is grounded 
and the gate capacitance of N-channel SFET 10 is dis 
charged. 
The p-channel SFET 22 can be eliminated from the 

cell if the word line loop is made asymmetrical as shown 
in FIG. 2c. The inductance in the SFET branch (L1) 
(not illustrated) must be smaller than the inductance L2 
30 of the other branch. The branch inductance L1 in 
cludes the additional inductance due to the SFET 10 
and the inductive loading of the sense JJ 18. If L2=EL1, 
the current through the word line is chosen such that 
the fraction 8/1 - 8 of the word line current is less than 
the critical current of the SFET 10. Furthermore, the 
sense JJ 18 must be designed such that only the combi 
nation of the fraction f/1+6 of the word line current 
applied inductively and the bit line current applied 
electrically will cause the sense JJ 18 to switch to the 
voltage state. These considerations do not limit the 
margins of operation or the scaling of these circuits to 
smaller dimensions. If a binary zero is stored in this cell, 
almost all of the current in word line is diverted through 
the inductor L2 30. A reasonable assumption is made 
that the critical currents of the interconnection lines are 
much greater than the critical currents of the SFETs. 
This two-transistor memory cell is labelled as the 2 
T/CWL cell. 

It is noted that the loop in the word line need not be 
superconducting. This is specially true in the case of the 
2-T/CWL cell discussed above, since a normal metal 
interconnection in the lower branch opposite the upper 
branch that contains the SFET 10 could help in divert 
ing all the current through the SFET if a binary one is 
stored and could eliminate the design uncertainty result 
ing from variation in values of the inductances. As in 
known by those skilled in the art, the power dissipation 
and noise margins have to be carefully evaluated, espe 
cially for the worst case in which all data stored in a 
particular column is binary zero. The 2-T/CWL cell as 
modified with a normal metal bypass inductor L232 and 
resistance 33 is shown in FIG. 2d. 

It is also noted that the sense JJ 18 in all the above 
designs can be a superconducting quantum interference 
device (SQUID), instead of being a single Josephson 
junction. See S. Hasuo and T. Imamura, "Digital Logic 
Circuits,” Proc. IEEE, vol. 77, pp. 1177-93, August 
1989, which is incorporated herein by reference. Use of 
a SQUID (sometimes called an interferometer), which 
consists of the parallel superconducting connection of 
two or more Josephson devices, could increase the 
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sensitivity of the sense JJ 18 or permit wider margins for 
the read operation. SQUIDs are often used for such 
purposes in Josephson circuitry. However, SQUIDs 
may increase the memory cell area and may not be 
preferred in the design of dense memories. FIG. 5 illus 
trates a three-junction SQUID which can be used as a 
bit line current detector. 

2. Voltage Word Line (VWL) Design 
(a) Memory Cell of the VWL Designs 
The VWL designs were developed to solve the RC 

bit line charging problems in dense (1 Mb - 1 Gb) semi 
conductor memory circuits. The basic memory cells in 
the VWL design are similar to the cells in the semicon 
ductor static and dynamic RAM cells designed for low 
temperature operation. See T. Chappell, S. Schuster, B. 
Chappell, J. Allan, J. Sun, S. Klepner, R. Franch, P. 
Greier and P. Restle, "A 3.5 ns/77 K. and 6.2 ns/300 K. 
64K CMOS RAM with ECL Interfaces, IEEE J. So 
lid-State Circuits, vol. 24, pp. 859-67, August 1989, and 
R. Jaeger and T. Blalock, "Quasi-Static RAM Design 
for High Performance Operation at Liquid Nitrogen 
Temperature,” Cryogenics, vol. 30, pp. 1030-35, De 
cember 1990. However, the manner in which the infor 
mation in the memory cell is retrieved is radically dif 
ferent. For the reasons discussed above and in the refer 
ences: R. Jaeger and T. Blalock, "Quasi-Static RAM 
Design for High Performance Operation at Liquid Ni 
trogen Temperature,” Cryogenics, vol. 30, pp. 1030-35, 
December 1990, and S. Hanamura, M. Aoki, T. 
Masuhara, O. Minato, Y. Saki and T. Hayashida, "Low 
temperature CMOS 8x8 bit multipliers with sub-10 ns 
speeds,' IEEE Trans Electron Devices, vol. ED-34, 
pp. 94-100, January 1987, which are incorporated 
herein by reference, the charge stored on a MOSFET 
isolated capacitor can be retained for the lifetime of the 
circuit attemperatures less than 100 kelvins, without the 
need for periodic refresh cycles. 
A three-transistor VWL memory cell is disclosed in 

FIG.3a. The information is stored as charge on the gate 
capacitance, illustrated as capacitor 36, of transistor 34 
using conventional write-circuitry composed of the 
transistor 38 and the data-in bit and word lines 40 and 
42. A binary one is stored in the cell if the capacitor 36 
is charged to a voltage greater than the threshold volt 
age of transistor 34. If the capacitor 36 voltage is less 
than the threshold voltage of the transistor 34, a binary 
zero is stored in the cell. All the transistors in the mem 
ory cell are of minimum size, that is, the minimum ge 
ometry permitted by the fabrication process, so as to 
maximize the cell density. The data in the three-transis 
tor memory cell is read-out by raising the voltage of the 
read word line above the threshold voltage of transistor 
44 and sensing the resulting current through the bit lines 
as explained above with regard to the CWL designs. 
The read-out is non-destructive since it does not affect 
the charge stored on the capacitor 36. The 3-T RAM 
cells thus behave like conventional six-transistor static 
RAM cells at temperatures less than 100 kelvins, result 
ing in a three-fold increase in cell density without any 
sacrifice in performance. 
The number of transistors in the memory cell can be 

decreased further by allowing destructive read-outs 
similar to the purely semiconductor dynamic RAMs. 
FIG. 3b shows a two-transistor (2-T) memory cell de 
signed for low temperature operation. The information 
is stored in the capacitor 36 in the same manner of the 
3-T/VWL design (FIG. 3a). When the read word line 
50 is raised above the threshold of transistor 46, and if a 



5,388,068 
13 

binary one is stored in the selected memory cell, the 
charge stored in the capacitor 36 decays by supplying a 
current to the read-out bit line 48. The density achieved 
by this 2-T memory cell array is the same as that of the 
purely semiconductor one-transistor (1-T) dynamic 
memory cells. This is because actual 1-T dynamic mem 
ory cells in purely semiconductor RAMs are organized 
in pairs (with a folded data line) so as to provide a differ 
ential output signal over a pair of read-out bit lines and 
eliminate common-mode noise sources. Differential 
read-outs are not necessary in the hybrid 2-T cell be 
cause of the wide margins resulting from efficient bit 
line current sensing circuitry. 
True one-transistor memory cells (FIG. 3c) can be 

realized in hybrid memories by using a common bit-line 
52 and word-line 54 for retrieving and storing data into 
the memory cell comprising transistor 56 and capacitor 
58. This poses certain additional complexity in the bit 
line circuitry, which will be discussed below. If this 
design is realized in practice, the true 1-T memory cells 
will be the densest possible memory cell, with almost 
three-times the density of the present semiconductor 
dynamic RAM cells. 

(b) Basic Read-Out Circuitry of the VWL Designs 
In the VWL designs, the circuitry used to retrieve 

data from the memory cells differs radically from con 
ventional prior art approaches since it eliminates the 
slow RC charging of the bit lines and the need for pow 
er-hungry and unreliable semiconductor sense amplifi 
ers. The functioning of these read-out circuits is ex 
plained in terms of a simple read-out circuit shown in 
FIG. 4. 
FIG. 4 shows the read-out circuitry for a column of a 

3-T memory cell array. Mem1Y, Mem2Y, . . . , 
MemXY, . . . MemNY represent N different memory 
cells with a common data-out bit line Y. To access the 
information stored in a particular memory cell XY, the 
voltage of the read-word line ReadX is raised above the 
threshold of the transistor 44 (FIG. 3a) in the cell XY. 
If a binary one is stored in the cell XY, both transistor 
44 and transistor 34 will conduct and there will be a 
conducting path from the supply to the ground through 
the bit line Y and the cell XY. If the transistors 34 and 
44 are of minimum size, current approximately equal to 
100–200A will flow through the read-out bit-line Y. If 
a binary zero is stored in the cell XY, the transistor 34 
will not conduct and the cell XY will pose a very high 
impedance, greater than 100 Mo, to the bit line Y. If any 
particular memory cell, for example MemXY, is not 
selected, that is, the ReadX word line is at a voltage 
lower than the threshold voltage of the transistors 44 in 
cell XY, the cell XY will pose a very high impedance 
(100 Mo.) to the bit line Y. 
When a cell with a binary one is selected, the transis 

tors 34 and 44 in the memory cell act like ideal current 
sinks because of their high impedance compared to the 
bit lines and because they are in the saturation region. 
The bit lines are high capacitance lines (10 pF/cm) with 
very low characteristic impedances. Hence, the current 
step originating from the memory cell XY appears at 
the superconducting current detector 70 almost in 
stantly, with only a small delay. If L is the inductance of 
the bit line per unit length of the bit lines and C is the 
capacitance of the bit line per unit length, then the total 
delay in transferring the current signal from the mem 
ory cell to the superconducting current-detector 70 at 
one side of the array is less than 2 or 2d(LC)’. At least 
half of the current signal will reach the detector after 
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seconds. For typical bit line geometries and materials, 
and d=2 mm, the time will vary from 20 to 40 ps. In 
contrast, for the same parameters, the time for transfer 
ring information from the memory cell to the sense 
amplifiers in conventional voltage sensing schemes is 
roughly 20RC) or 40 ns. In practice, the transistor sizes 
in the memory cell are increased, thereby sacrificing 
density, and smaller RC time-constants are realized. 
However, the VWL approach not only eliminates this 
RC time constant but also reduces the power dissipated 
in charging and discharging the bit lines. The VWL 
approach accomplishes this without sacrificing density. 

In the VWL design, superconducting current detec 
tors such as sense JJs can be used to reliably detect the 
small read-out bit line currents (100-200 A) at high 
speeds. In the case of hybridization with low tempera 
ture superconductor Nb or NbN technologies, any one 
of a wide variety of superconducting circuits can be 
used. However, simple circuits like SQUIDs (FIG. 5) or 
magnetically-coupled JJs will suffice in most cases. The 
delay in detecting current signals using superconduc 
tive components is negligible (approximately equal to 
10 ps) compared to other circuits in the critical path. 
Alternative circuits for high temperature superconduc 
tor technologies will be discussed below. 
Note that for superconductor-circuit compatible in 

puts/outputs (I/Os), at least one superconductor-to 
semiconductor signal-conversion stage is necessary at 
the inputs so that the word line swings are CMOS-com 
patible. Similarly, in the case of CMOS-compatible 
I/Os, at least one superconductor-to-semiconductor 
signal-conversion is needed at the output. The signal 
conversion stage or impedance transformation neces 
sary with superconductive electronics is justified as 
long as the power dissipation and delay in the signal 
conversion stages are smaller than the power dissipation 
and delay in the purely semiconductor approach. In the 
present invention, the power dissipation and delay in 
the signal-conversion stages must be smaller than the 
power and delay in bit-line charging, semiconductor 
voltage-sense amplifiers and the semiconductor I/Os of 
the prior art purely semiconductive random access 
memories. The transformation is justifiable in the case 
of most on-chip high-capacitance buses longer than 1 
mm and all off-chip interconnection circuits. See U.S. 
Pat. No. 4,980,580, by Ghoshal; U. Ghoshal, “CMOS 
Inter-Chip Interconnection Circuit Using High-Tech 
Superconducting Tunnel Junctions and Interconnec 
tions,” IEEE Electron Device Letters, vol. 10, pp. 
373-76, August 1989; and U. Ghoshal, H. Kroger and 
T. Van Duzer, "Superconductive Interconnection Cir 
cuits for Cryogenic Semiconductor Systems', Proceed 
ings of the Symposium on Low Temperature Device 
Operation, vol. 91-1, Electrochemical Society, 1991, pp. 
427-28. Memory circuits are good candidates for the 
use of superconductors because the impedance transfor 
mation is likely justified since in addition to the high 
bit-line capacitance, the driving transistors in memory 
cells are necessarily small and have high output impe 
dance because of the size constraints. 

(c) Preferred Circuit Embodiments of the VWL De 
sign 

(i) 3-T/VWL Design 
(1) Bit-line current detectors with superconducting 

tunnel junction technology 
Although the number of transistors in the 3-T mem 

ory cell design presented above is not the minimum, the 
3-T cells are very robust. The currents in the read-out 
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bit-line are large enough to be reliably detected by a 
variety of superconducting tunnel junction circuits. 
There are no problems with noise currents coupling 
from adjacent cells since active read-out data lines are 
separated far apart. SQUIDs (FIG. 5), or any other 
magnetically-coupled Josephson junction circuits, 4JL 
gates, or MVTL gates (see S. Hasuo and T. Imamura, 
“Digital Logic Circuits,” Proc. IEEE, vol. 77, pp. 
1177-93, August 1989, which is incorporated herein by 
reference) can be used as the current-detectors. The 
operation of all these devices are well known to those 
skilled in the art. 
At very low temperatures (4-10 kelvins), mature LSI 

Nb and NbN superconductor circuit technologies based 
on superconductor-insulator-superconductor (SIS) tun 
nel junctions exist. See Y. Tarutani, M. Hirano and U. 
Kawabe, "Niobium-based IC technologies,' Proc. 
IEEE, vol. 77, pp. 1164-76, August 1989. The processes 
used to fabricate these devices are compatible with 
CMOS or semiconductor device processing. Fabrica 
tion considerations are discussed in more detail below. 
Superconducting tunnel junction technology is the pre 
ferred way to design hybrid circuits with low tempera 
ture superconductors. SIS tunnel junctions have not 
been realized with high temperature superconductor 
materials and there is doubt about their feasibility in 
large scale circuits. However, if such tunnel junctions 
are realized in the future and it is possible to hybridize 
the technology with semiconductors, the same low 
temperature superconductor circuits used for current 
detection can be fabricated using high temperature su 
perconductors. 

(2) Bit-line single flux quantum (SFQ) current-detec 
tor circuits 
Assuming the existence of good Josephson junction 

technology, but not necessarily tunnel junctions, we can 
detect and amplify the small current pulses using the 
rapid single flux quantum (RSFQ) circuits proposed in 
the publication, K. K. Likharev, V. K. Semenov and A. 
B. Zorin, "New possibilities for superconductor de 
vices,” in Superconducting Devices, Eds. S. Ruggiero 
and D. Rudman, San Diego: Academic Press, 1990, 
Chapter 1, which is incorporated herein by reference. 
FIG. 6a illustrates a typical RSFQ buffer/amplifier 
stage 72 biased with a MOS transistor 74. The signal 
pulse can also be amplified and sharpened using Joseph 
son transmission lines 76 biased by MOS transistors 78, 
as illustrated in FIG. 6b. The main purpose of the MOS 
transistors 78 is to provide a very high impedance cur 
rent source and also to self-time the sources to reduce 
power in large memory circuits. The RSFQ circuits 
have to be supplemented by some form of voltage-state 
superconducting circuits, for example, fluxonic circuits 
discussed below, in order to provide efficient interface 
with the semiconductor devices. 

(3) Bit-line current-detectors with fluxonic devices 
At temperatures near liquid nitrogen, ideal supercon 

ducting tunnel junction circuits are presently difficult to 
realize. At these temperatures, the relaxation times for 
non-equilibrium effects such as excess quasi-particle 
population and flux transport within the superconduc 
tors get faster. There are a variety of fluxonic devices 
which can be used for current-detection, these include: 
(i) injection-controlled links, see A. Kleinsasser and W. 
Gallagher, "Three-terminal devices,” Superconducting 
Devices, Eds. S. Ruggiero and D. Rudman, San Diego: 
Academic Press, 1990, Chapter 9, which is incorporated 
herein by reference; (ii) field-controlled links or cryo 
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trons, see A. Frenkel, T. Venkatesan, C. Lin, X. Wu, M. 
Hedge, A. Inam and B. Dutta, "High-Tc superconduc 
ting film as a fast nonlinear switch for noise discrimina 
tion in digital circuits,' Appl. Phys. Lett., vol. 53, pp. 
2704-06, December 1988; and V. Newhouse, Applied 
Superconductivity, New York: John Wiley and Sons, 
1964, Chapters 6 and 7, which is incorporated herein by 
reference; and (iii) other vortex-flow transistors, see J. 
S. Martens, D. S. Ginley, J. B. Beyer, J. Nordman and 
G. K. G. Hohenwarter, "A Josephson Junction to FET 
High-Speed Line Driver Made of TlCaBaCuO", IEEE 
Transactions on Magnetics, vol. 27, pp. 3284-3288, 
Mar. 1991, which is incorporated herein by reference. 
FIG. 7a illustrates a typical cryotron biased with a 
PMOS transistor 90. 
The injection-controlled links and cryotrons are par 

ticularly beneficial because of their structural simplicity 
and ease in fabrication. There are two possible modes of 
operation for these circuits depending on whether the 
superconductor links (or gates in the cryotron terminol 
ogy) of these circuits are operated in the intermediate 
state or completely driven to the normal-state. A typical 
superconductor link 80 as a part of cryotron 81 is illus 
trated in FIG. 7a. The I-V characteristics and the oper 
ating points of typical superconductor links is shown in 
FIG. 7b. The intermediate state 86 is a mixed-state of 
the link in which magnetic flux vortices enter a super 
conductor link. The currents are just above the lower 
critical current Il 82 of the link, but smaller than the 
upper critical current Ic284. In the intermediate-state 
86, the link develops a voltage but retains most of the 
superconductor properties. If the devices are operated 
by switching the link between the superconductor or 
intermediate-state 86 to the normal-state 88, the operat 
ing speeds of fully-semiconductor circuits is limited by 
the reverse transition of the link from the normal-state 
to the intermediate-state. However, if the current-biases 
of the links (such as link 80 in FIG. 7a) are self-timed 
using semiconductor transistors (such as PMOS transis 
tor 90 in FIG. 7a) the links can be reset to the supercon 
ductor-state quickly and hence the performance of hy 
brid circuits are not affected. Granular links or ultra 
thin superconductor links with high normal-state resis 
tivities can be operated at high speeds when the link is 
not allowed to enter the normal-state. Cryotrons using 
such links (FIG. 7a) behave like the dual of semicon 
ductor diodes and are termed fluxonic diodes. See A. 
Kadin, "Duality and fluxonics in superconducting de 
vices,’ J. Appl. Phys., vol. 68, pp. 5741-48, December 
1990. 

(ii) 2-T/VWL Design 
The read-out circuitry in the 2-T/VWL design, illus 

trated in FIG. 8, is similar to the 3-T/VWL design, 
except that the read-out bit line Y is grounded instead of 
being connected to the supply rail. When the read word 
line 50 (FIG. 3b) to the selected memory cell XY is 
high, and a binary one is stored in the selected memory 
cell, the stored charge in the capacitor 36 decays by 
supplying current to the read-out bit line 48 through the 
transistor 46. The transistor 46 acts like a non-linear 
resistor since the operating point moves from the satura 
tion region to the linear region during the transistion. 
Assuming an effective resistance Rapproximately equal 
to 5 k, and the storage capacitor 36 approximately 
equal to 60 f and charged to a voltage equal to 2 V, the 
maximum current in the bit lines 48 will be approxi 
mately Ib or approximately V/R, or 400 A, and the 
decay time for the current through the bit line will bed, 
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or approximately RC, or 300 ps. All the current-detec 
tors in the superconductor technology described above 
for 3-T/VWL designs can be used in the 2-T/VWL 
designs. 
Various enhancements may be made to improve the 5 

operation margins. These include: (i) larger charge stor 
age by increasing the capacitor voltage and the storage 
capacitance; (ii) boosting the read word line voltage; 
and (iii) using wider read-out transistors. All these 
methods are well-known to those skilled in the art. See 
K. Itoh, “Trends in Megabit DRAM Circuit Design,” 
IEEE I. Solid-State Circuits, vol. 25, pp. 778-89, June 
1990. 

It is noted that 64 Mb 2-T/VWL hybrid memory 
designs are practical at present and that the density of 15 
these memories is closely linked to the density achiev 
able by the fully semiconductor RAMs. 

(iii) True 1-T/VWL Design 
True 1-T/VWL designs have common bit-lines 52 

and word-lines 54 (FIG. 3c) for both accessing data 20 
from the memory and storing data into the memory. 
During the read-outs, the bit-line 52 has to be grounded 
which poses a very low impedance to the memory cells. 
However, while writing data into the selected memory 
cell, the bit line 52 must be ideally an open-circuit, to 25 
allow charging of the memory cell capacitance to high 
voltages. 

(1) Hybrids with superconducting tunnel junction 
technology 
FIG. 9a shows a circuit using a stack 92 of Josephson 30 

tunnel junctions 93 biased with a PMOS transistor 94, 
which can achieve the desired read/write functionality 
for the true 1-T/VWL design. The critical currents I of 
the Josephsonjunctions 93 in the stack 92 are equal and 
larger than the maximum read-out current Ib through 
the bit-line 96. Superconductive current detector 99 is 
inductively coupled to bit line 96. The read-out proce 
dure is exactly the same as discussed above because the 
junctions 93 in the stack 92 are in the zero-voltage state 
and the PMOS transistor 94 is disabled (poses a very 
high impedance, greater than 100 Mo). If a binary one 
is to be written into a selected memory cell in the col 
umn, write enable 98 is high and the output of NAND 
gate 100 is binary zero, the PMOS transistor 94 is en 
abled and the Josephson junctions 93 switch to the 
voltage state. The current through the junctions 93 is 
larger than Ic and, therefore, each of the Josephson 
junctions 93 in the stack 92 behave like linear resistors 
with normal-state resistance Rn. The word line 95 is 
held at a low voltage during this time because of the 
delay through the decoder and the word line driver. 
Hence the voltage developed across the stack 92 and 
the bit-line charging depends entirely on the resistance 
Rof the PMOS transistor 94 and the normal-state resis 
tance of the stack 92 of Josephson junctions 93 (NR). 
The overdrive currents in the Josephson junctions 93 
cannot be much more than a few times the critical cur 
rent Ic, if high reliability circuits are required. This 
constraint on the overdrive currents and the lower limit 
on the magnitude of the read-out bit-line currents lead 
to the requirement of a large number, greater than a 
hundred, Josephson junctions 93 in the stack 92. 
An SFET 102 can be used instead of the stack 92 of 

Josephson junctions 93, and the circuit in FIG. 9b re 
sults. During the read-out operations, the PMOS tran 
sistor 94 is disabled and the SFET 102 provides a zero 
resistance path to ground as desired. The critical cur 
rent of the SFET 102 must be larger than the read-out 
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currents through the bit line 96. During the write opera 
tion, the SFET 102 is disabled and bit-line 96 can be 
charged to high voltages by the PMOS transistor 94. 

(2) Hybrids with superconducting fluxonic devices 
A simple thin and narrow superconductor link, such 

as semiconductor link 103 illustrated in FIG. 9c, can 
replace the stack 92 of Josephson junctions 93 of FIG. 
9a and achieve the desired performance. The normal 
state resistance of the link 103 has to be large so as to 
maximize the capacitor voltage and minimize the power 
dissipation during the write operation. The link 103 can 
be made in principle from either low temperature super 
conductors or high temperature superconductors, al 
though normal-resistivity materials and granular films 
characteristic of high temperature superconductors are 
ideal for this application. The I-V characteristics of 
such a superconductor link circuit is illustrated in FIG. 
10. During the read operation, the PMOS transistor 94 
is disabled. Hence, if the critical current Il of the link 
103 is greater than the read-out bit-line current, the 
bit-line 96 is effectively shorted to ground. During the 
write operation, the PMOS transistor 94 sources 
enough current (greater than I2) so that the link 103 
switches to the normal state 104, loses superconductiv 
ity and poses a high impedance. The bit-line 96 can thus 
be charged to high voltages. Such links have been re 
ported in literature and may be very useful in memory 
and interconnection circuits operated near liquid nitro 
gen temperatures. See A. Frenkel, T. Venkatesan, C. 
Lin, X. Wu, M. Hegde, A. Inam and B. Dutta, "High 
Tc superconducting film as a fast nonlinear switch for 
noise discrimination in digital circuits,' Appl. Phys. 
Lett., vol. 53, pp. 2704-06, December 1988; and A. 
Frenkel, T. Venkatesan, C. Lin, X. Wu and A. Inam, 
“Dynamic Electrical Response of YBaCuO,” Journal of 
Applied Physics, vol. 67, pp. 3767-3775, January 1990, 
which are incorporated herein by reference. 

3. Fabrication Issues 
The hybrid memories can be implemented with many 

different combinations of semiconductor and supercon 
ductor technologies. However, at the present time, the 
hybrid memories based on CMOS technology and low 
temperature superconductors are easier to realize be 
cause their fabrication processes are compatible, low 
cost and manufacturable. High-performance low tem 
perature superconducting tunnel junction circuits have 
been routinely fabricated on silicon wafers using low 
temperature processes. The highest processing tempera 
ture encountered in the processing of Nb circuits is 
typically 150° C., which is used for photo-resist baking. 
Thus, Nb and NbN Josephson circuits can be added 
onto CMOS circuits at the end of all CMOS processes, 
without affecting the performance or the behavior of 
the CMOS circuits. SFETs and MOSFETs with Nb 
gate and Nb source/drain metallization and supercon 
ducting delay lines have been previously fabricated 
before and, therefore, process compatibility is expected. 
The non-planarity of semiconductor devices onto 

which Nb or NbN Josephson devices and circuits will 
be deposited also is not a concern. The apparent prob 
lem created by non-planarity can be circumvented in 
two ways. One way involves increasing the area of the 
chip by allowing the Josephson junctions to be placed 
over plane regions of the substrate. It is not a problem to 
have the niobium interconnection metallization ade 
quately cover relief as is disclosed in D. Jillie, L. Smith, 
H. Kroger, L. Currier, R. Payer, C. Potter and D. 
Shaw, "All-refractory Josephson logic circuits,” IEEE 
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J. Solid-State Circuits, vol. SC-18, pp. 173, 1983, which 
is incorporated herein by reference. Alternatively, it is 
possible to deposit insulators, like polyimide that can be 
planarized over the semiconductor circuits, and subse 
quently deposit functional Josephson circuits on top of 
the polyimide. The planarization of dielectrics like 
polyimide has been demonstrated at Microelectronics 
and Computer Technology Corporation, and the fabri 
cation of Josephson junction circuits over polyimide 
have been demonstrated by Fujitsu. The following ref 
erences relate to the above-mentioned fabrication is 
sues, and are incorporated herein by reference: T. Ni 
shino, M. Hatano, H. Hasegawa, F. Murai, T. Kure, A. 
Kiraiwa, K. Yagi and U. Kawabe, "0.1 m gate-length 
superconducting FET,” IEEE Electron Device Let 
ters, vol. 10, pp. 61-63, February 1989; M. Delaney, R. 
Withers, A. Anderson, J. Green and R. Mountain, "Su 
perconductive delay line with intergral MOSFET 
taps," IEEE Trans. Magnetics, vol. MAG-23, pp. 
791-95, March 1987; D. Jillie, L. Smith, H. Kroger, L. 
Currier, R. Payer, C. Potter and D. Shaw, “All-refrac 
tory Josephson logic circuits,” IEEE J. Solid-State 
Circuits, vol. SC-18, pp. 173, 1983; J. T. Pan, S. Poon 
and B. Nelson, "Copper/Polyimide Multichip Mod 
ule,” Proceedings of the Eighth Annual International 
Electronics Packaging Conference, pp. 174-189 (1988). 
Various high temperature superconductors have been 

deposited over silicon, silicon dioxide and gallium arse 
nide. High-Tc superconductors have been deposited on 
silicon using dielectric buffer layers, using metallic 
buffer layers, and without using any buffer layers. See 
D. Fork, D. Fenner, A. Barrera, J. Phillips, T. Geballe, 
G. Connell and J. Boyce, "Buffer Layers for High 
Quality Epitaxial YBCO Films on Si," IEEE Transac 
tions on Applied Superconductivity, vol. 1, pp. 67-73, 
March 1991, which is incorporated herein by reference. 
However, the lowest processing temperature has been 
about 550° C., a temperature which makes it difficult to 
add superconductors onto semiconductor circuits after 
the semiconductor processes are complete. Hybrids 
with high temperature superconductors will need inti 
mate mixing of the semiconductor processes with super 
conductor links if the superconductors can be deposited 
just after the completion of semiconductor diffusion 
processes and low temperature semiconductor pro 
cesses are subsequently used to fabricate semiconductor 
devices. Deposition and passivation of high temperature 
superconductor wires with silicon dioxide has already 
been demonstrated. See T. S. Kalkur, R. Kwor and D. 
Byrne, “Effect on an SiO2 layer on the superconductive 
properties of the high-Tc Bi-Sr-Ca-Cu-O films,' 
Journal of Applied Physics, vol. 67, pp. 918-20, January 
1990, which is incorporated herein by reference. Thus, 
it might be possible to hybridize high temperature su 
perconductor injection-controlled links, cryotrons and 
other fluxonic devices with CMOS devices in the fu 
ture. 
Although SFET devices and complex superconduc 

ting tunnel junction circuits have been demonstrated 
using low temperature superconductors (see A. Klein 
sasser and W. Gallagher, "Three-terminal devices,” in 
Superconducting Devices, Eds. S. Ruggiero and D. 
Rudman, San Diego: Academic Press, 1990, Chapter 9 
and T. Nishino, M. Hatano, H. Hasegawa, F. Murai, T. 
Kure, A. Kiraiwa, K. Yagi and U. Kawabe, "0.1 m 
gate-length superconducting FET,' IEEE Electron 
Device Letters, vol. 10, pp. 61-63, February 1989), 
there has been very little success in realizing these de 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
vices and circuits using high temperature Superconduc 
tors. Various papers describing the operation of high 
temperature superconductors tunnel junctions at very 
low temperatures (less than 10 kelvins) have been re 
ported in recent literature, see A. Pargellis, F. Shariff, 
R. Dynes, B. Miller, E. Hellman, J. Rosamilia and E. 
Hartford, “All-High Tc Josephson Tunnel Junction: 
BaKBiO/BaKBiO junctions,” Applied Physics Letters, 
vol. 58, pp. 95-96, January, 1991, which is incorporated 
herein by reference, but fabrication of large scale cir 
cuits using these devices is still uncertain and may never 
be possible at higher temperatures. 

Finally, it is noted that wafer-scale memories and 
multi-chip implementations of hybrid memories are also 
possible. Single-chip implementations usually result in 
lower cost and higher performance. However, multi 
chip systems allow the easy implementation of sub-cir 
cuits, for example interface circuits, and permit hybrid 
izing incompatible or immature device technologies. 

4. Memory Organization 
In the following discussions about decoders, inter 

faces and memory organizations, the term JJ represents 
all types of superconducting circuits, including Super 
conducting tunnel junction circuits, cryotron circuits 
and other fluxonic devices. The abbreviation su’sm 
will be used to denote interface circuits needed for 
converting superconducting signals to signals compati 
ble with semiconductor circuits. Similarly, sm su is 
used to denote interface circuits needed for converting 
semiconductor signals to signals compatible with super 
conducting circuits. 
Decoders can be implemented with either purely 

semiconductor circuits or purely superconductor cir 
cuits or hybrid semiconductor-superconductor circuits. 
Decoders implemented using JJs are the fastest circuits 
reported, although the quiescent power dissipation for 
high-speed decoding is relatively high. See Wada, "Jo 
sephson Memory Technology,” Proc. IEEE, vol. 77, 
pp. 1194-1207, 1989. For example, a 6-bit decoder in the 
presently most successful 1 Kb Josephson RAMs oper 
ating at 4 kelvins, has a delay of about 200 ps, not ac 
counting for the time for resetting the Josephson junc 
tion circuits, and has a quiescent power dissipation of 
1.1 mW. See I. Kurosawa, H. Nakagawa, S. Kosaka, M. 
Aoyagi, S. Takada, "A 1-Kb Josephson RAM using 
variable threshold cells,' IEEE J. Solid-State Circuits, 
vol. 24, pp. 1034–39, August 1989. CMOS decoders 
have zero quiescent power dissipation but larger delays. 
7-bit NOR decoders for addressing 16 Kb arrays in 
IBM's 64 Kb CMOS memory have delays of about 500 
ps at 77 kelvins. See T. Chappell, S. Schuster, B. Chap 
pell, J. Allan, J. Sun, S. Klepner, R. Franch, P. Greier 
and P. Restle, “A 3.5 ns/77 K. and 6.2 ns/300 K. 64K 
CMOS RAM with ECL Interfaces, IEEE J. Solid 
State Circuits, vol. 24, pp. 859-67, August 1989. Recent 
breakthroughs in ultra-thin SOI CMOS and the con 
tinuing trends of reduced channel lengths are expected 
to shorten the decoder delay times considerably and 
make them comparable to JJ decoders. See M. Aoki, T. 
Ishi, T. Yoshimura, Y. Kiyota, S. Iijima, T. Yamanaka, 
T. Kure, K. Ohyu, T. Nishida, S. Okazaki, K. Seki and 
K. Shimohigashi, "0.1 pm CMOS devices using low 
impurity channel transistors,” 1990 IEDM Digest of 
Technical Papers, pp. 939-41, December 1990; G. 
Shahidi, B. Davari, Y. Taur, J. Warnock, M. Worde 
man, P. McFarland, S. Mader, M. Rodriguez, R. As 
sengza, G. Bronner, B. Ginsberg, T. Lii, M. Polcari and 
T. Ning, “Fabrication of CMOS on ultra-thin SOI ob 
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tained by epitaxial lateral overgrowth and chemical 
mechanical polishing,” 1990 IEDM Digest of Technical 
Papers, pp. 587-90, December 1990; and P. K. Vasudev, 
“Ultrathin SOI for high speed submicrometer CMOS 
technology,” Solid State Technology, pp. 61-65, No 
vember 1990. 

Hybrid decoders can be built by using the selector 
circuits disclosed in U.S. patent application Ser. No. 
07/518,004, by the present inventors, which is incorpo 
rated herein by reference. Since the disclosed SFET 
selector circuits are bilateral pass-transistor circuits, 
they can be used to decode addresses as well as multi 
plex data. An example of a SFET selector circuit which 
can function as a 3-bit decoder or a multiplexor is illus 
trated in FIG. 11. Depending on the binary address 
voltages (A1, A2, A3) applied at the gates of the SFETs 
106, one of the eight data-paths DS1, DS2 ..., DS8, is 
chosen. As disclosed in U.S. patent application Ser. No. 
07/518,004, the gate voltages or addresses are assumed 
to be generated by CMOS circuits and the zero-voltage 
data-path currents are assumed to be smaller than the 
critical currents of the SFETs 106. The flow of informa 
tion in the selector circuit is from left to right for decod 
ing, and vice versa if a multiplexing function is desired. 
As disclosed in U.S. patent application Ser. No. 
07/518,004, there are no RC delays along the data path 
and there is no power dissipation in the selector 
switches. Hybrid decoders can also be designed using 
only CMOS and JJ devices. For example, each SFET 
106 in FIG. 11 can be substituted with a combination of 
a PMOS transistor 108 and a JJ superconducting cur 
rent switch 110, as illustrated in FIG. 12. These types of 
hybrid decoders will dissipate power in the PMOS 
current sources and thus, will be useful only in self 
timed decoders. 

High-speed, low-power circuits to interface super 
conductor and semiconductor devices are essential for 
all hybrid memory circuits proposed herein. These cir 
cuits are disclosed in U.S. patent application Ser. No. 
07/518,004. Superconductive interface circuits like ser 
ies-parallel stacked array and flux-flow transistors have 
already demonstrated their capability to amplify the 
small voltages (3 mV) from the Josephson junction 
circuits to about 150 mV. See J. S. Martens, D. S. Gin 
ley, J. B. Beyer, J. Nordman and G. K. G. Hohen 
warter, "A Josephson Junction to FET High-Speed 
Line Driver Made of TiCaBaCuO', IEEE Transac 
tions on Magnetics, vol. 27, pp. 3284-3288, March 1991; 
and H. Suzuki, A. Inoue, T. Imamura and S. Hasuo, "A 
Josephson driver to interface JJ to semiconductor tran 
sistors,” 1988 IEDM Digest of Technical Papers, pp. 
290-93, December 1988. These superconductive cir 
cuits occupy a large area and the bias circuits usually 
dissipate considerable power under quiescent condi 
tions. However, the novel interface circuits based on 
threshold biasing of high-gain CMOS amplifiers dis 
closed in U.S. patent application No. 07/518,004 oc 
cupy smaller area and do not dissipate power under 
quiescent conditions. The conversions of signals from 
the semiconductor circuits to the superconductor cir 
cuits (sm... su interfaces) can be easily implemented 
without suffering any delay penalty or increased power 
dissipation by SFETs, as disclosed in the above patent 
application, and by direct interfacing. 
The interface circuits can also be merged into the 

decoders to reduce the complexity and delay. The 
SFET selector circuit in FIG. 11 actually performs the 
function of a su sm interface as well as a decoder. An 
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22 
example of a merged sm su interface circuit is the 
CMOS selector circuit illustrated in FIG. 13. Each of 
the CMOS NOR gates 112 are biased just above the 
threshold of the NMOS transistors 114 by either a mi 
crowatt threshold-bias circuit, see E. Vittoz and J. Fell 
rath, "CMOS Analog IC based on Weak inversion Op 
eration,' IEEE J. Solid-State Circuits, vol. SC-12, pp. 
224-31, June 1977, which is incorporated herein by 
reference, or by the charge-biasing method disclosed in 
U.S. patent application Ser. No. 07/518,004. After the 
inputs from the superconductive circuits are applied to 
the N-bit decoder, and depending on the particular 
combination of the address data, only one of the 2N 
output nodes 116 of the NOR-gates 112 remains pre 
charged high, representing a binary one. The precharge 
of the output nodes 116 is performed with a self-timed 
inverter loop consisting of PMOS transistor 118 and 
two inverters 120 and 122. As long as the output of one 
of the NOR gates 112 is pre-charged to a high voltage, 
transistor 118 is disabled and poses a high impedance. If 
the output node 116 of a NOR gate 112 is discharged 
during a transition, the transistor 118 turns on after a 
delay and charges the output node back to high volt 
ages. The time delay is controllable by the inverters 
120 and 122 and can be made as long as needed. There 
are numerous other combinations of such intimate 
mergers of the interface circuit and decoders which can 
be designed by those skilled in the art. 
For VWL designs, the charging of the word lines 

creates additional delays in the read-out path. Various 
methods like word-line partitioning, use of asymmetri 
cal drivers, pre-charging and placing voltage offsets 
have been used in the prior art to reduce these time 
delays. These methods are well-known to those skilled 
in the art of conventional semiconductor RAMs. 
The decision to use a particular kind of decoder or 

interface circuit depends mainly on the type of memory 
cell, the I/O compatibility requirements, and the size of 
the memory. The presently preferred organizations of 
the hybrid memories are discussed below, and numer 
ous changes in the details of construction will be appar 
ent to those skilled in the art. There are hundreds of 
different memory organizations possible with the func 
tional blocks disclosed herein, and it is impossible to 
specify each of them. The aim of the following descrip 
tion is simply to illustrate design constraints and a few 
optimal organizations. 

(a) Organization of Small Memories (less than or 
equal to 64 Kb) 
The organization of small memory circuits signifi 

cantly depends on the type of I/Os (JJ-compatible or 
CMOS-compatible) required. This is because the delays 
in su sm interfaces become a significant fraction of the 
total access time in the case of high-speed memories. 
Hence, the number of susm interfaces should be mini 
mized. It is noted that the time delays of the sm su 
interface circuits are trivial and, therefore, do not in 
crease the path delay. 
There is a significant advantage in using JJ I/Os over 

other CMOS or ECL I/Os, especially when driving 
low characteristic impedance off-chip transmission 
lines, because there are no noise problems associated 
with simultaneous switching of JJ drivers, even at high 
speeds. These issues are discussed in U.S. Pat. No. 
4,980,540 and in the publication: U.Ghoshal, H. Kroger 
and T. Van Duzer, "Superconductive Interconnection 
Circuits for Cryogenic Semiconductor Systems', Pro 
ceedings of the Symposium on Low Temperature De 
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vice Operation, vol. 91-1, Electrochemical Society, 
1991, pp. 427-28. The elimination of the noise due to 
simultaneous switching of drivers may justify the use of 
hybrid memories for high-speed cache memory applica 
tions. 5 

(i) CWL Designs With JJ-Compatible I/Os 
In this CWL design, the I/Os are JJ compatible and 

the CWL memory cells are addressed with currents. 
Hence, it is preferable to use JJ circuits throughout the 
read-out path. The decoders, addressing procedures and 10 
sensing methods for the read operations are similar to 
the conventional superconductor RAMs. There are no 
su-sm stages along the read-out data path and, there 
fore, these memory circuits are expected to be the fast 
est among all the hybrid memories proposed herein. In 15 
order to write data into the cell, at least one su sm 
interface stage along the write-in path is needed. This 
su sm stage can be placed at the input to minimize the 
number of interface circuits (FIG. 14a) and CMOS 
decoders can be used to transfer information into the 20 
cell. The shaded areas in FIG. 14a represent the write 
circuitry. Alternately, JJ decoders can be made com 
mon to both the read-out path and write-in path and the 
su.sm stage can be placed after the JJ decoders in 
order to write data into the memory, as represented by 25 
the shaded areas in FIG. 14b. In the first approach, N 
su-sm interface circuits are necessary for a memory of 
size 2N, while in the second approach, 20W-2)/2 such 
interface circuits are required. The large number of 
interface circuits in the second approach is not a con- 30 
cern for power dissipation since the superconductive 
amplifiers in the interface circuits can share a common 
current bias and only one interface circuit along the row 
and column is activated at a given time. The CMOS 
circuits in the su sm interfaces are assumed to dissipate 35 
negligible amount of energy in their quiescent state. 

(ii) CWL Memories With CMOS I/Os 
For CWL memories embedded in CMOS systems, 

the entire write-in path will be preferentially purely 
CMOS. Use of JJ decoders along the write-in path is 40 
not recommended because it will unnecessarily involve 
su.sm stages and increase the delay incurred in writing 
data into the cell. They will also increase the complex 
ity of the design. Since the CWL memory cells are 
addressed by currents, and since sm su interface circuit 45 
delays are trivial, anyone of the three types of decoders 
(CMOS, JJ or SFET) can be placed in the read-out 
path. At least one sul sm stage is necessary at the output 
in order to convert the signals from the JJ bit-line sens 
ing circuits and to multiplex them to CMOS-compatible 50 
voltages at the outputs. 

(iii) VWL Designs With JJ Compatible I/Os 
The simplest VWL memory organization with JJ 

compatible I/Os is represented in FIG. 15a. The signals 
from the superconductive electronics are converted to 55 
CMOS-compatible signals. The conversion can be made 
with a merged sul-sm interface/decoder design at the 
input. The write operations are the same as in the case 
of conventional CMOS memories. During the read 
operation, the read word lines are addressed in the con- 60 
ventional manner, but the currents in the bit-lines are 
sensed by JJ current detectors and multiplexed to the 
output using JJ circuits. An alternate organization with 
a large number of su sm interface circuits is shown in 
FIG. 15b. This design is useful only in cases where 65 
advanced CMOS device technologies are not available 
and the JJ decoders have much smaller delay compared 
to the CMOS decoders. 

24 
(iv) VWL Designs with CMOS Compatible I/Os 
The organization represented in FIG. 16a uses a lim 

ited number of superconductive components. The only 
difference between this type of memory and the con 
ventional semiconductor memory is the manner in 
which data in the bit-lines is sensed and detected. Super 
conducting bit-line current-detectors, multiplexing and 
su sm interface circuits at the output can be self-timed 
using semiconductor current-sources. Therefore, the 
static power dissipation in this memory can be reduced 
to zero. Since superconducting tunnel junctions are not 
necessary, this type of hybrid memory should be viable 
at 77 kelvins with existing technology. If a minimum use 
of high temperature superconductors is desired, the 
data multiplexing at the outputs can be done using hy 
brid superconductor-CMOS circuits as represented in 
FIG. 16b. 

(b) Organization of Large Memories (greater than or 
equal to 64 Kb) 

Large semiconductor memories are organized hiera 
rachically in order to reduce delay and power dissipa 
tion and to increase the sensitivity in detecting small 
voltages on the bit-lines. These methods are proposed 
and analyzed in the publication: C. Mead and L. Con 
way, Introduction to VLSI Systems, Reading, Mass.: 
Addison-Westley Publishing Company, 1980, Chapter 
8, which is incorporated herein by reference, and have 
been used in most 4-16Mb RAMs. Hierarchical organi 
zations have also been used for memories embedded in 
pipeline architectures and other signal processing appli 
cations. See D. Schmitt-Landsiedel, B. Hoppe, G. Neu 
endorf, M. Wurm and J. Winnerl, "Pipelined architec 
ture for fast CMOS buffer RAMs,' IEEE J. Solid-State 
Circuits, vol. 25, pp. 741-47, June 1990. 

Hierarchical structures are particularly well-suited 
for large hybrid memories because the use of supercon 
ducting circuits and interconnections permit easy com 
munication between different sub-cells and only small 
superconducting decoders and multiplexors are needed 
at any particular level of hierarchy. As the size of the 
memory array grows, the RC time-constants associated 
with the word line in VWL memory circuits (or L/R 
time-constants in the case of CWL designs) become 
large, and larger word-line drivers are necessary. Hier 
archy partitions long words and eliminates the need for 
large word-line drivers. This in turn reduces the power 
dissipation and the access-times of the memory. 
A typical hierarchical 4 Mb hybrid memory is repre 

sented in FIG. 17. One Kb hybrid RAMs similar to the 
ones described above constitute the lowest level of 
hierarchy (level 0). At the next level of hierarchy (level 
1), sixteen such 1 Kb RAMs are organized using two-bit 
JJ decoders and multiplexors to form a 16 Kb RAM. At 
level 2, sixteen 16 Kb RAMs of level 1 are organized 
using two-bit JJ decoders and multiplexors to form a 
256 Kb RAM. The process is repeated at level 3, where 
sixteen 256 Kb RAMs are organized to form a 4 Mb 
RAM. 
Other types of partial hierarchy are also possible. For 

example, in some VWL designs it would be better to 
have a fewer number of columns and a larger number of 
rows. This strategy takes advantage of the increased 
sensitivity of the superconducting current detectors to 
reduce the length of the word lines. In such cases the 
large row decoders can be hierarchically organized. 
Hierarchical strategies can also be used for multichip 
implementations of large hybrid memories comprised of 
smaller memories. 
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The present invention, therefore, is well adapted to 
carry out the objects and attain the ends and advantages 
mentioned as well as others inherent therein. While 
presently preferred embodiments of the inention have 
ben given for the purpose of disclosure, numerous 
changes in the details of design, construction and steps 
of the process will be readily apparent to those skilled in 
the art and which are encompassed within the spirit of 
the invention and the scope of the appended claims. 
What is claimed is: 
1. A memory cell for storing and accessing informa 

tion in binary form of the type useful in computer or 
logic circuits applications wherein a matrix comprised 
of a plurality of memory cells of common design is 
formed in row and column format, with rows being 
addressed via word-lines and columns being addressed 
via bit-lines, said cell comprising: 

(a) a word-line input terminal; 
(b) a bit-line input terminal; 
(c) a first superconducting voltage controlled, three 

terminal switching device, and a second supercon 
ducting voltage controlled, three-terminal switch 
ing device, each of said switching devices having a 
gate voltage terminal and first and second pass 
terminals, wherein the current flowing through 
each switching device via said pass terminals is 
controlled by the voltage applied to said gate ter 
minal; 

(d) a semiconductor charge storing circuit for storing 
charge representing information in binary form, 
said semiconductor charge storing circuit having at 
least a first and a second output terminal; and 

(e) a superconducting current sensing means, said 
current sensing means having a biased current cir 
cuit with a bias input and a bias output, and a 
sensed current circuit with a sensed current input 
and a sensed current output; 
wherein said first pass terminal of said first switch 

ing device is connected to said word-line termi 
nal; 

said gate terminal of said first switching device is 
connected to said first output terminal of said 
semiconductor charge storing circuit; 

said second pass terminal of said first switching 
device is connected to said sensed current input; 

said first pass terminal of said second switching 
device is connected to said word-line terminal; 

said gate terminal of said second switching device 
is connected to said second output terminal of 
said semiconductor charge storing circuit; 

said second pass terminal of said second switching 
device is connected to said sensed current out 
put; and 

said bias input is connected to said bit-line input 
terminal. 

2. The memory cell of claim 1, wherein said semicon 
ductor charge storing circuit is a logic circuit being of a 
type that the output voltage on said first and second 
output terminals are logic complements. 

3. The memory cell of claim 1, wherein said semicon 
ductor charge storing circuit is a bi-stable logic circuit 
being of a type that the output voltage of said first and 
second output terminals are logic complements. 

4. The memory cell of claim 1, wherein said first and 
second superconducting switch devices each comprise 
a superconducting field-effect transistor having a super 
conducting source, a superconducting drain, a conduct 
ing gate, and a semiconducting channel, and wherein 
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26 
the drain to source current is controlled by the applied 
gate to source voltage. 

5. The memory cell of claim 1, wherein said super 
conducting current sensing means comprises a super 
conducting field-effect transistor having a superconduc 
ting source, a superconducting drain, a conducting gate, 
and a semiconducting channel, and wherein the drain is 
the sensed current input and the source is the sensed 
current output, and wherein the bias input is connected 
to said bit line and to said drain, and the bias output is 
connection to said source. 

6. The memory cell of claim 1, wherein said super 
conducting current sensing means comprises a super 
conducting quantum interference device. 

7. A memory cell for storing and accessing informa 
tion in binary form of the type useful in computer or 
logic circuits applications wherein a matrix comprised 
of a plurality of memory cells of common design is 
formed in row and column format, with rows being 
addressed via word-lines and columns being addressed 
via bit-lines, said cell comprising: 

(a) a word-line input terminal; 
(b) a bit-line input terminal; 
(c) a first superconducting voltage controlled, three 

terminal switching device, and a second supercon 
ducting voltage controlled, three-terminal switch 
ing device, each of said switching devices having a 
gate voltage terminal and first and second pass 
terminals wherein the current flowing through 
each switching device via said pass terminals is 
controlled by the voltage applied to said gate ter 
minal, the current flow through said first switching 
device being biased by a gate terminal voltage the 
logic complement of the gate terminal voltage 
needed to bias current flow through said second 
switching device; 

(d) Agate terminal voltage creation means for actuat 
ing said switching devices having at least an output 
terminal; 

(e) a superconducting current sensing means, said 
current sensing means having a biased current cir 
cuit with a bias input and a bias output, and a 
sensed current circuit with a sensed current input 
and a sensed current output; 
wherein said first pass terminal of said first switch 

ing device is connected to said word-line termi 
nal; 

said gate terminal of said first switching device is 
connected to said output terminal of said voltage 
creation means; 

said second pass terminal of said first switching 
device is connected to said sensed current input; 

said first pass terminal of said second switching 
device is connected to said word-line terminal; 

said gate terminal of said second switching device 
is connected to said output terminal of said volt 
age creation means; 

said second pass terminal of said second switching 
device is connected to said sensed current out 
put; and 

said bias input is connected to said bit-line input 
terminal. 

8. The memory cell of claim 7, wherein said first 
superconducting switch device comprises a supercon 
ducting field-effect transistor having a superconducting 
source, a superconducting drain, a conducting gate, and 
a n-doped semiconducting channel, and said second 
superconducting switch device comprises a supercon 
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ducting field-effect transistor having a superconducting 
source, a superconducting drain, a conducting gate, and 
a p-doped semiconducting channel, wherein the drain 
to source current of said first switch device is biased by 
an applied gate to source voltage which is the logic 
complement of the applied gate to source voltage 
needed to bias the drain to source current of the second 
switching device. 

9. The memory cell of claim 7, wherein said super 
conducting current sensing means comprises a super 
conducting field-effect transistor having a superconduc 
ting source, a superconducting drain, a conducting gate, 
and a semiconducting channel, and wherein the drain is 
the sensed current input and the source is the sensed 
current output, and wherein the bias input is connected 
to said bit line and to said drain, and the bias output is 
connected to said source. 

10. The memory cell of claim 7, wherein said super 
conducting current sensing means comprises a super 
conducting quantum interference device. 

11. The memory cell of claim 7, wherein said gate 
voltage creation means comprises a semiconducting 
field effect transistor having a semiconducting source, a 
semiconducting drain, a conducting gate, and a semi 
conducting channel, wherein the drain to source cur 
rent is controlled by the applied gate to source voltage, 
and wherein said source is the output terminal of said 
gate voltage creation means. 

12. A memory cell for storing and accessing informa 
tion in binary form of the type useful in computer or 
logic circuits applications wherein a matrix comprised 
of a plurality of memory cells of common design is 
formed in row and column format, with rows being 
addressed via word-lines and columns being addressed 
via bit-lines, said cell comprising: 

(a) a word-line input terminal; 
(b) a bit-line input terminal; 
(c) a superconducting voltage controlled, three-ter 

minal switching device, said switching device hav 
ing a gate voltage terminal and first and second 
pass terminals wherein the current flowing through 
said switching device via said pass terminals is 
controlled by the voltage applied to said gate ter 
minal; 

(d) an inductor means having an input terminal and an 
output terminal; 

(e) a gate terminal voltage creation means for actuat 
ing said Switching device having at least an output 
terminal; 

(f) a superconducting current sensing means, said 
current sensing means having a biased current cir 
cuit with a bias input and a bias output, and a 
sensed current circuit with a sensed current input 
and a sensed current output; 
wherein said first pass terminal of said switching 

device is connected to said word-line terminal; 
said gate terminal of said switching device is con 

nected to said voltage creation means; 
said second pass terminal of said switching device 

is connected to said sensed current input; 
said input terminal of said inductor means is con 

nected to said word-line terminal; 
said output terminal of said inductor means is con 

nected to said sensed current output; and 
said bias input is connected to said bit-line input 

terminal; F 

13. The memory cell of claim 12, wherein said induc 
tor means is a superconducting inductor. 
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14. The memory cell of claim 12, wherein said induc 

tor means is a metallic inductor. 
15. The memory cell of claim 12, wherein said super 

conducting switch device comprises a superconducting 
field-effect transistor having a superconducting source, 
a superconducting drain, a conducting gate, and a su 
perconducting channel, and wherein the drain to source 
current is controlled by the applied gate to source volt 
age. 

16. The memory cell of claim 12, wherein said super 
conducting current sensing means comprises a super 
conducting field-effect transistor having a superconduc 
ting source, a superconducting drain, a conducting gate, 
and a semiconducting channel, and wherein the drain is 
the sensed current input and the source is the sensed 
current output, and wherein the bias input is connected 
to said bit line and to said drain, and the bias output is 
connection to said source. 

17. The memory cell of claim 12, wherein said super 
conducting current sensing means comprises a Super 
conducting quantum interference device. 

18. A memory cell for storing and accessing informa 
tion in binary form of the type useful in computer or 
logic circuits applications wherein a matrix comprised 
of a plurality of memory cells of common design is 
formed in row and column format, with rows being 
addressed via word-lines and columns being addressed 
via bit-lines, said cell comprising: 

(a) a word-line input terminal; 
(b) a bit-line input terminal; 
(c) a first semiconducting voltage controlled, three 

terminal switching device, said switching device 
having a gate voltage terminal and first and second 
pass terminals wherein the current flowing through 
said switching device via said pass terminals is 
controlled by the voltage applied to said gate ter 
minal; 

(d) a capacitance means having at least a first terminal 
and a second terminal; and 

(e) a superconducting current sensing means, said 
current sensing means having a biased current cir 
cuit with a bias input and a bias output, and a 
sensed current circuit with a sensed current input 
and a sensed current output; 
wherein said gate terminal of said switching device 

is connected to said word-line terminal; 
said first pass terminal of said switching device is 
connected to said bit-line terminal; 

said second pass terminal of said switching device 
is connected to said first terminal of said capaci 
tance means; 

said second terminal of said capacitance means is 
connected to electrical ground; and 

said bias input is connected to said bit-line input 
terminal. 

19. The memory cell of claim 18, wherein said capaci 
tance means is the gate to source capacitance of a sec 
ond semiconducting voltage controlled, three terminal 
switching device, said switching device having a gate 
voltage terminal and first and second pass terminals 
wherein the current flowing through said switching 
device via said pass terminals is controlled by the volt 
age applied to gate terminals and wherein said first pass 
terminal of said second switching device is connected to 
said second pass terminal of said first switching device, 
said gate terminal is the first terminal of said capaci 
tance means of said capacitance means and said second 



5,388,068 
29 

terminal is said second pass terminal of said second 
semiconducting device. 

20. The memory cell of claim 18, further comprising 
a gate terminal voltage creation means having at least 
an output terminal, wherein said output terminal is con 
nected to said first terminal of said capacitance means. 

21. The memory of claim 18, wherein said gate volt 
age creation means comprises a semiconducting field 
effect transistor having a semiconducting source, a 
semiconducting drain, a conducting gate, and a semi 
conducting channel, wherein the drain to source cur 
rent is controlled by the applied gate to source voltage, 
and wherein said source is the output terminal of said 
gate voltage creation means. 

22. The memory cell of claim 18, wherein said super 
conducting current sensing means comprises a super 
conducting field-effect transistor having a superconduc 
ting source, a superconducting drain, a conducting gate, 
and a semiconducting channel, and wherein the drain is 
the sensed current input and the source is the sensed 
current output, and wherein the bias input is connected 
to said bit line and to said drain, and the bias output is 
connection to said source. 

23. The memory cell of claim 18, wherein said super 
conducting current sensing means comprises a super 
conducting quantum interference device. 

24. The memory cell of claim 18, wherein said super 
conducting current sensing means comprises a rapid 
single flux quantum current sensing buffer/amplifier 
circuit. 

25. The memory cell of claim 18, wherein said super 
conducting current sensing means comprises a super 
conductor link circuit. 

26. The memory cell of claim 18, wherein said cur 
rent sensing means further comprises a self-timing 
means comprising a voltage controlled three-terminal 
switching device having a gate voltage terminal and 
first and second pass terminals, wherein the current 
flowing through said switching device via said pass 
terminals is controlled by the voltage applied to said 
gate terminal, and wherein said gate terminal is con 
nected to a self-timed signal, said first pass terminal is 
connected to said bias input and said second pass termi 
nal is connected to said sensed current input. 

27. The memory cell of claim 18, further comprising: 
a data-in terminal; 
a second voltage controlled three-terminal switching 

device comprising a gate voltage terminal and first 
and second pass terminals, wherein the current 
flowing through said switching device via said pass 
terminals is controlled by the voltage applied to 
said gate terminal; 

a voltage source; and 
a superconductor switching device having at least a 

first and second terminal; 
wherein said data-in terminal is connected to said 

gate terminal of said second switching device; 
said first pass terminal is connected to said voltage 

Source; 
said second pass terminal of said second switching 

device is connected to said first terminal of said 
superconductor switching device; 

said second terminal of said superconductor switch 
ing device is connected to said first pass terminal of 
said first switching device. 

28. The memory cell of claim 27, wherein said super 
conductor switching device is a stack of Josephson 
junction devices. 
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29. The memory cell of claim 27, wherein said super 

conductor switching device is a superconducting link. 
30. The memory cell of claim 27, wherein said super 

conductor switching device is voltage controlled super 
conducting field-effect transistor having a conducting 
gate, a superconducting source and a superconducting 
drain, wherein the drain to source current is controlled 
by the applied gate to source voltage and wherein said 
gate is connected to said data-in terminal, said drain is 
connected to said second pass terminal of said second 
switching device, and said source is connected to said 
first terminal of said first switching device. 

31. A method of accessing from a memory cell having 
at least a first terminal and a second terminal informa 
tion in binary forms of the type useful in computer or 
logic circuit applications, wherein a matrix comprised 
of a plurality of memory cells of common design is 
formed in a row and column format, with rows being 
addressed via word lines, wherein each word line is 
connected to said first terminal of each memory cell in 
said row, and columns being addressed via bit-lines, 
wherein a superconducting current sensing means hav 
ing a biased current circuit with a bias input and a bias 
output, and a sensed current circuit with a sensed cur 
rent input and a sensed current output, is connected 
through said bias input to at least one bit-line and is 
connected to said second terminal of each memory cell 
in said column associated with at lest one bit-line, com 
prising the steps of: 

(a) applying a current signal on said bit-line; 
(b) applying a voltage signal on said word-line, said 

application of said current signal to said bit-line and 
said voltage signal thereby addressing a memmory 
cell, wherein said addressed memory cell to pass 
current through said second terminal when a bi 
nary one is stored in said memory addressed cell, 
and wherein when a binary zero is stored in said 
memory cell, current is not passed through said 
second terminal; and 

(c) sensing whether there is a change in current pass 
ing through said sensed current input to said sensed 
current output of said superconductor sensing 
means, wherein a change in the current indicates 
that a combination of current from said second 
terminal of said addressed memory cell and said 
bit-line is passing through and a binary one stored, 
and wherein no change in the current indicates that 
only current from the bit-line is passing through 
and a binary zero is stored. 

32. A method of accessing from a memory cell having 
at least a first terminal and a second terminal informa 
tion in binary forms of the type useful in computer or 
logic circuit applications, wherein a matrix comprised 
of a plurality of memory cells of common design is 
formed in a row and column format, with rows being 
addressed via word lines, wherein each word line is 
connected to said first terminal of each memory cell in 
said row, and columns being addressed via bit-lines, 
wherein a superconducting current sensing means hav 
ing a biased current circuit with a bias input and a bias 
output, and a sensed current circuit with a sensed cur 
rent input and a sensed current output, is connected 
through said bias input to at least one bit-line and is 
connected to said second terminal of each memory cell 
in said column associated with at lest one bit-line, com 
prising the steps of: 

(a) applying a current signal on said bit-line; 
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(b) applying a current signal on said word-line, said (c) sensing whether there is a change in current pass 
application of said current signal to said bit-line and 
said current signal to said word-line, thereby ad 

ing through said sensed current input to said sensed 
current output of said superconductor sensing 
means, wherein a change in the current indicates 

dressing a memory cell, wherein said current signal 5 that a combination of current from said second 
is passed to said second terminal of said addressed terminal of said addressed memory cell and said 
memory cell when a binary one is stored in said bit-line is passing through and a binary one stored, 
ddressed memory cell and said current signal not and wherein no change in the current indicates that 

2 y 3. only current from the bit-line is passing through 
being passed to said second terminal when a binary 10 and a binary Zero is stored. 
zero is stored; and sk k :: *k. k. 
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